New Mexico. These storms are highly localized and Generally, an inverse relationship exists between ancontribute to the spatial variability. Without an inornual precipitation and its spatial and inter-annual vari-dinately high number of rain gauges, it is impossible ability. Rainfall in New Mexico certainly reflects this to estimate the total and spatial distribution of precippattern. On the Sevilleta National Wildlife Refuge in itation in such a region with accuracy. central New Mexico, for example, annual precipitation Convective thunderstorms are generally accompain any single year has ranged from 10 cm at one station nied by intense lightning as a result of the strong electo 2 3 0 cm at another station <30 km away. Low and tric fields produced by large-scale charge separation high values can shift between gauges during different due to convective motion and precipitation in the thunyears (Grover and Musick 1988) . Convective thunder-derstorm. The generally accepted mechanism for storms during the period June through September often charge separation in clouds is the differential sedigenerate 50-70% of the total annual precipitation in mentation of precipitation particles (Beard and Ochs 1986) . In convective updrafts, moisture condenses as the air cools to well below freezing, forming ice crysManuscript received 13 January 1994; revised 7 Septernher 1994; accepted 17 October 1994; final version received tals and graupel (small hail). In collisions between 18 November 1994. small ice crystals and larger graupel, negative charge I is transferred from the ice crystals to the graupel. The terminal velocity of the graupel is greater than that of the ice crystals, causing graupel to fall while ice crystals are transported upward. In this way, positive charge is carried to the top of the thunderstorm, while negative charge is carried to the base. This charge separation produces large electric fields in the cloud and between the cloud and ground. When the fields reach a threshold level, electrical breakdown (i.e., lightning) occurs, neutralizing the charge separated by precipitation. Since the physical processes responsible for precipitation are linked to intra-cloud charge separation, there should be a strong correlation between charge transferred by lightning and precipitation volume.
Lightning can be either intra-cloud (IC), or cloudto-ground (CG). Studies by Battan (1965) , Piepgrass et al. (1982) , and Goodman et al. (1988) demonstrated proportionality between precipitation volume and the number of lightning flashes. These studies reported about 7 X l o 3 m3 of water for each IC flash, and 20 X l o 3 m3 of water for each CG flash and were relatively consistent across areas from Florida to Oklahoma when similar scales were used to reflect the distribution of water from individual strikes. Additional literature a n lightning-precipitation relationships is provided by Kane (1993) .
A technology for locating cloud-to-ground lightning discharges and measuring the lightning peak current and number of return strokes is deployed throughout the western U.S. by the Bureau of Land Management's Boise Interagency Fire Center (BIFC). The electromagnetic impulses of CG lightning discharges are monitored by a network of lightning location sensors to record the time of a discharge, its location (to a reported accuracy of =2 km), peak current, and the number of return strokes (Krider et al. 1980) . The sensors use crossed-loop antennas to determine the direction to the lightning discharge, locate by triangulation, and record the strength of the signal. The current carried by the lightning can be estimated given the strength of the signal and the distance to the source. Because of BIFC's primary interest in forest fires, their network discriminates between CG lightning, which can ignite fires, and IC lightning. The network only records C G lightning; however, because of the consistent IC-to-CG ratio (about 4:1 in New Mexico; Prentice and Mackerras 1977) , these data can estimate total lightning activity of thunderstorms in this region. Although lightning detection efficiency may not be 100% efficient and can vary geographically, this still represents a technology with the potential to improve precipitation estimation over that recorded by a sparse network of gauges.
The objectives of this study were: (1) to establish algorithms that convert the number of lightning strikes and the power spectra of the lightning into rainfall depth; (2) map spatial distributions of lightning and associated precipitation; and (3) compare area-weighted estimates of precipitation from this approach with traditional methods of reporting precipitation. The lightning estimates of precipitation distribution also were compared with satellite measurements of reflectance (i.e., greenness index) to relate the vegetation response to precipitation patterns.
Lightning
Lightning location data for the state of New Mexico and vicinity were acquired by New Mexico Institute of Mining and Technology by downloading the data from a communications satellite on a real-time basis. Data were transferred to the Sevilleta Long Term Ecological Research (LTER) program at the University of New Mexico (UNM) via Internet. Each data file consisted of all C G lightning strikes during a 24-h period. Each observation or line of data contained: (1) time of the strike in Greenwich Mean Time (GMT) = Coordinated Universal Time (UTC); (2) latitude of the strike; (3) longitude of the strike; (4) maximum field strength; (5) number of return strokes in the strike; (6) a code denoting accuracy of the strike; (7) stations detecting the strike; and (8) time stamp of when the data were received by New Mexico Institute of Mining and Technology. At UNM, data were passed through editing programs to identify valid entries, add year and dayof-year variables, convert GMT to Mountain Standard Time (MST), remove unneeded variables, and eliminate lightning locations occurring outside of the rectangle defined by the four extreme corners of the state of New Mexico. These files were then passed to a variety of displaying, plotting, or buffering programs.
The Sevilleta National Wildlife Refuge (Sevilleta LTER) was the area of particular interest in this study (Fig. 1) . Two methods were used to determine the number of lightning strikes within an area. First, we developed a program that allowed a rapid determination of the number of lightning strikes occurring within a specified distance around a point of interest (e.g., a precipitation gauge). Circles of any desired radius could be selected for any number of locations specified in latitude and longitude and the program would output the number of strikes that occurred within those circles for the period of time specified. The second method was provided by the ARCIINFO 6.0 Geographic Information System (CIS), which is well suited for performing spatial analysis of factors such as lightning and precipitatjon distribution. Using each edited file, daily coverage files were created for the entire state of New Mexico for 1989 through 1991. Map extents or boundaries for areas of interest were developed in ARC, the plotting or mapping portion of the GIS, by digitizing 7%-min U.S. Geological Survey (USGS) topographic maps. The method allows the determination of the number of lightning strikes within any specified area (Fig. 1) .
Data archival required additional data processing and involved combining all daily files into annual files. Daily files were then extracted from the larger files with the desired cutoff time (2400 MST). New Mexico lightning data for the years 1989 to 1991 were edited and archived in a database format in the Sevilleta Information Management System (SIMS).
Precipitation
Precipitation was measured by a network of gauges on the Sevilleta National Wildlife Refuge. Six automated meteorological stations, equipped with tippingbucket gauges (0.25 mm per tip), recorded precipitation at 1-min intervals and other concurrent meteorological data. Meteorological stations and their associated tipping-bucket gauges were monitored by Campbell Scientific CRlO dataloggers. Data were collected from these dataloggers via a portable computer. A Trimble Global Position System established locations, accurate to at least 10 m in both horizontal and vertical planes, for all gauges. All meteorological data were archived in the SIMS database.
RESULTSAND DISCUSSION

Lightning
The start of a typical convective storm season for the region of the Sevilleta occurs during the first week of July. Data for 1989 are used to illustrate this pattern ( Fig. 2A) . The moist air mass from the Gulf of Mexico is moved into the state by the clockwise movement surrounding the large subtropical high-pressure area (Bermuda High). The amount of moisture transferred by this climatic pattern increases throughout the month of July to maximum amounts in August, then decreases in September. Lightning and precipitation are generally restricted to higher mountainous areas of New Mexico during week one of the period (Fig. 2A) ; however, during subsequent weeks, lightning occurrence increases in the state and demonstrates a pattern of a band of moisture moving from the eastern portion to the west and north (Fig. 2B , C, D). In some years this band can be narrow so that by August, precipitation occurs in Arizona with relatively little in New Mexico. In other years, the band of moisture is wide and much of Arizona and New Mexico receive precipitation throughout July and August (Gosz and Sharpe 1989, Gosz 1991) .
Lightning on the Sevilleta normally occurs during the months of June through September, and only infrequently in May and October. While the general pattern of increased activity during July and August was consistent, there were quantitative differences in lightning activity between months, years, and locations during the 1989-1991 period. During 1989, the number of lightning strikes on the Sevilleta, as well as for the entire state of New Mexico, was lower than in either 1990 or 1991.
Precipitation-lightning algorithms
The use of lightning data to predict precipitation volumes has several constraints and assumptions. First, lightning data are only the cloud-to-ground (CG) strikes that represent, on average, one-fourth of the total lightning activity that produces precipitation. Intra-cloud (IC) strikes account for =three-fourths of total lightning activity (Prentice and Mackerras 1977) . Therefore, an estimate of precipitation per C G strike is =four times the amount that may be associated with actual C G lightning. In our work, the C G lightning strikes are used to locate convection storms and to estimate the total precipitation from that storm caused by all lightning and where it is likely to fall. Thus, the C G lightning is a marker for precipitation and total lightning activity and an accurate relationship between precipitation and only C G strikes is not necessary. Second, the nominal accuracy of the lightning location system is reportedly 2 km; however, our field obser-vations suggest the accuracy may vary from 3 km to 8 km for some strikes. This source of variation is averaged out as data are compiled for entire days and months (i.e., totaling thousands of strikes). Third, while lightning location and precipitation data were collected for yearly periods, this study focused on 1 June to 30 September as this was the period of highest convective thunderstorm and lightning activity. Typically, this period contributes the largest percentage of the total annual precipitation volume as well as the highest spatial variation in precipitation inputs. During other months, precipitation over the entire Sevilleta often occurred from broad-scale storm systems and was much less spatially variable on a per-storm basis. This study was concerned with increasing the accuracy of quantifying and mapping precipitation during this spatially variable period of June through September. The combination of the lightning location technique for summer months and normal precipitation gauge estimation during other periods was expected to increase annual precipitation measurement accuracy. Finally, some convective storms, early or late in the June-September period, had "dry" lightning associated with them in which little or none of the resulting precipitation reached the ground due to evaporation in the dry atmosphere near the ground. Regressions that included relative humidity measurements were shown to identify those situations and improve precipitation estimates.
Correlations were developed for gauge precipitation and lightning variables using buffers of different radii (1, 2, 3, 5, and 10 km) around the meteorological stations to identify the best scale of measurement. Daily precipitation was correlated with (1) number of lightning strikes, (2) number of lightning return strokes, and (3) field strength. Highest correlations were found for lightning strikes within buffers having a 3-km radius; a result of the combination of the scale of the convective storm cells and the accuracy of the lightning location system. Simple linear regressions using the 3-km buffer provided the following equations for calculating precipitation depth per day, in millimetres: Although these regressions were highly significant (P < 0.0001) for all years, the percentage of the error explained by lightning strikes alone was low (i.e., low r2 values). The intercept was significantly different from zero in every case. We assume that this was a function of the non-convective precipitation without lightning activity (broad-scale storm systems) and/or "dry" lightning. However, in most cases, no lightning strikes within 3 km of a precipitation gauge corresponded with no precipitation at that gauge. Using the slopes of equations la-ld, and assuming that all of the precipitation predicted by strikes within the 3-km buffer fell within that buffer, the average precipitation per C G lightning strike for the 3 yr and overall period of study was 40 149, 37 039, 31 950, and 36 190 m3, respectively. This is greater than reported by other studies (Piepgrass et al. 1982 ) and is likely due to the use of the larger area (i.e., 3 km) to record strikes.
Since antecedent atmospheric conditions influence precipitation quantity, other meteorological variables (i.e., temperature and humidity) and elevation were added to the stepwise regression analysis. While the primary factor remained lightning strikes, adding a second variable, mean relative humidity (RH) (minimum relative humidity in 1989) recorded by the six weather stations on the Sevilleta, increased the r2 significantly for all years. The use of relative humidity rcsults in better prediction for several reasons. During the relatively dry month of June, lightning strikes during conditions of low relative humidity may correspond with no precipitation because the dry atmosphere causes the rain to evaporate before reaching the ground. This is a period when there is significant soil warming necessary for convective storms but the general atmospheric moisture is too low to allow a consistent relationship between lightning and moisture reaching the ground. As more moisture moves into the region from the Gulf of Mexico during the later weeks of the summer (see Fig. 2 ), the occurrence of "dry" lightning is rare. Also, high relative humidity in the early autumn months (i.e., cooler with increased occurrence of broad-scale storms) results in the estimation of higher precipitation volume for a given number of lightning strikes. Although elevation was not recognized as a significant regressor, it is correlated with relative humidity. Lower temperatures at higher elevations result in higher relative humidity despite identical specific humidities. Consequently, more precipitation will be pre- ning location method is a comparison of correlations between measured precipitation collected at two weather stations (e.g., Deep Well, Cerro Montoso) and lightning-predicted vs. actual precipitation at the same stations. This would compare using one gauge to predict precipitation at the second gauge (a remote area) vs. plotting lightning locations and using the lightningprecipitation relationship to estimate precipitation quantities at the gauge locations. The correlation coefficient for measured daily precipitation amounts at the two stations was r = 0.19, demonstrating that one gauge cannot estimate precipitation well at a different location, in this case, only 15 km distant. Correlations between lightning-estimated precipitation and measured precipitation for the two stations were r = 0.40 and r = 0.82, respectively. We interpret this to mean that lightning location data allowed a better estimate of precipitation at remote locations and can be used to produce better spatial distributions of precipitation than can estimates from a sparse network of gauges.
As expected, estimates of precipitation from lightning data collected on a monthly basis were better than estimates based on daily information. Re,gressions of monthly station precipitation totals against total strikes for the month within a 3-km radius gave the following regressions.
~
Ppt. = 1.725(no. strikes) + 6.23 For 1991, the monthly regression was poorer than that of the daily regression; however, as with the daily data, relative humidity as a second variable increased most r2 values with the most dramatic improvement occurring for 1991. dicted (correctly) for higher elevations than for lower elevations even if lightning strikes are identical. Finally, elevated relative humidity associated with purely broadscale storm systems will result in predicting some precipitation for such storms while regressions with lightning strikes as the sole independent variable will always predict none. A comparison of gauge-measured and lightning-estimated daily precipitation (using Eq. 2d) for two Sevilleta meteorological stations (Deep Well, Cerro Montoso) for the 3-yr period is shown in Fig. 3A , B. The stations are only 15 km apart. The regression was used on daily lightning data and the results summed for each month.
The potential value of the lightning method is that it can accurately estimate precipitation amounts in remote areas better than gauges some distance from those areas. This is critical for this region during the convective storm season because of the localized, spatially variable precipitation patterns that cause gauges to record significantly more or less precipitation than nearby areas. One example of the improvement using the light-Additional studies are being performed to evaluate the differential effects of humidity during different years.
GIs mapping of lightning/precipitation
A GIS permits the estimation of precipitation for given areas of the Sevilleta using the lightning strikes and humidity as predictors. A 2 km interval grid was positioned over the entire Sevilleta (lo5 ha) and the number of strikes counted within 3 km of each corner point for monthly intervals. This count and an average of monthly relative humidity values from the six weather stations were used with regression equation 4d to estimate the monthly precipitation depth for each point. These precipitation amounts for all points on the grid then became an INFO database and ARCIINFO was used to graph the isopleths of the estimated precipitation (Fig. 4A) . Using a 2-km grid to record strikes within a 3-km radius provides some averaging or smoothing of the amount of precipitation reported for adjacent points. It does not result in an overestimation of precipitation (i.e., double counting some lightning) as long as the precipitation depth is reported.
Precipitation patterns generated by the lightning lo--cation technique were more detailed and better reflected the localized nature of precipitation during these convective storms (Fig. 4A) . During the most intense lightning period (e.g., August 1991), convective storm formation and subsequent lightninglprecipitation produced a pattern that could not be sampled adequately or predicted by the network of only six weather stations. Fig. 4B demonstrates isopleths generated by a spline routine in ARCIINFO using only the data from the six weather stations for August 1991. The low number of gauge locations produced a less detailed pattern, which missed cells of higher precipitation estimated by lightning location (see Fig. 4A ). The lightning estimates showed areas that had values from 40% lower to 60% higher than those estimated by using the six gauges. These data indicated that the precipitation gauges may have underestimated the average precipitation for the entire Sevilleta for the month of August 1991 (Table I) . During other months the estimates derived from gauges were greater than estimates from lightning. Thus, both quantity and spatial distribution are in question when data are averaged from a network of relatively few gauges in this area. Our current studies are evaluating these different estimates for a longer time period to identify consistent spatial patterns caused by topographic features on the Sevilleta. These studies will be critical to understand the redistribution of moisture from these localized rainfall patterns, creating microhabitat conditions that determine plant survival and species movement over the landscape of this biome transition zone.
While the primary purpose of this paper is an evaluation of lightning location as an estimator of precipitation distribution, another example can illustrate other benefits and future research efforts. Fig. 5 dem- onstrates a role for the use of lightning data and satellite imagery to identify localized vegetation growth. In this example, a relatively dry period during August of 1990 resulted in little vegetative growth on the grassland areas of the Sevilleta and a general loss of "greenness" in the vegetation. This condition is shown in the satellite image in Fig. 5 with dark color over much of the Sevilleta. The satellite reflectance data are expressed as a ratio of the infraredlred bands (TM4/TM3), commonly referred to as a greenness index, with light (bright) colored areas having significant vegetation activity (i.e., greenness). There are several areas of high "greenness". The conifer areas on higher elevations that always appear "green" are apparent on the northwest corner of the Sevilleta (Ladrones Mountain) and along the eastern boundary (Los Pinos Mountains). The irrigated croplands along the Rio Grande in the center of the Sevilleta also demonstrate high "greenness" as did portions of drainage corridors. Convective storm activity in the northwest area of the Sevilleta on 6 September produced the first significant precipitation following the dry period. The distribution of lightning and precipitation"was overlaid on a Landsat Thematic Mapper (TM) scene acquired =1 wk (1 1 September) following the precipitation period. The localized vegetation response (i.e., "greening") to the precipitation event is apparent and corresponds closely to the region of lightning activity. Rapid plant growth immediately following a precipitation event is typical during the warm months in this semiarid region, thus, lightning mapping allows an estimate of the magnitude and extent of the vegetation response at least several days before it occurs. These technologies can be valuable for planning field experiments, and locating and establishing field measurement programs rapidly to capture the spatial and temporal extent of these dynamic biological phenomena.
Over a longer time period, the lightning-derived precipitation patterns can be contrasted with patterns of vegetation response using vegetation indices derived from AVHRR (Advanced Very High Resolution Radiometer) and Landsat satellite imagery to develop hypotheses about the landscape-to-regional scale patterns in plant communities. Current networks of precipitation gauges do not have sufficient density to provide the spatial resolution needed to explain much of the plant community heterogeneity; similar to the situation on the Sevilleta. Consistent, interannual spatial patterns in precipitation distribution over large areas combined with topographic features that influence precipitation distribution and surface redistribution of water would provide strong evidence for the heterogeneity associated with regional community patterns1 mosaics. It also could provide strong evidence for the regional patterns in growthlproductivity responses of species under what are currently described as common New Mexico, using a 2-km interval grid as a base and recording all lightning strikes within a 3-km radius of each grid point. Eq. 4d was used to calculate the precipitation depth in mm for the area around each grid point. (B) Plots of precipitation distribution using the precipitation quantities of the six weather stations ("+" with boldface rainfall values) on the Sevilleta and a spline technique from the ARCIINFO GIS system. climatic conditions (e.g., differences in tree ring CONCLUSIONS widths). Lightning data in areas with significant conLightning location is a promising technology for esvective storm activity can provide increased resolu-timating precipitation quantity and distribution. In the tion of spatial patterns for precipitation that will be U.S. Southwest, where precipitation is a precious comfundamental for many studies. modity, the ability to quantify and prognosticate the The Sevilleta National Wildlife Refuge has been deemed an ideal spot to monitor both short-and longterm changes as it is located at the junction of three distinct biomes: the Great Plains, the Great Basin, and the Chihuahuan ~ ~ ~ ~ ~ t The LTER project initiated in 1988 by the University of New Mexico and funded by the National Science Foundation is attempting to detect and monitor weather dynamics and biotic responses to such dynamics, to help predict and assess the consequences of any long-term climatic changes. Quantifying the amount of precipitation and its redistribution on the Sevilleta is paramount to that research.
We found that the lightning location data alone are not sufficient for estimating precipitation quantities and intensities under all conditions. However, with the aid of atmospheric moisture conditions (i.e., humidity), the data did provide good estimates of monthly precipitation totals during the convective storm period of June-September for the Sevilleta. Our regressions of precipitation as a function of lightning and atmospheric humidity varied among years and current studies are analyzing causes for this variation. Regressions that used multiple-year data were effective in predicting precipitation for monthly (and longer) intervals, which is sufficient for many global change questions. Refinements that may allow us to accurately predict daily precipitation distributions will be exceedingly valuable for short-term questions of ecosystem dynamics. Although lightning data used at monthly intervals produced better estimates than did daily data, even daily lightning produced better estimates than did nearby gauges. Combining lightning location data with satellite provided a approach for arialyzing short-term vegetation processes (e.g., ~r o d u ctivity) Over broad scales. Quantifying these processes will provide the basis for the analysis of the broad-, scale dynamics in this region.
We will continue to refine this technique through the use of additional data sets (e.g., regional atmospheric measurements, satellite sensors) and instruments (e.g., a sun photometer measuring atmospheric water profiles). Increased accuracy in predicting precipitation distribution over the lo5 ha of the Sevilleta National Wildlife Refuge Will provide an improved understanding of the forcing functions for biological change in this biome transition area.
